ABSTRACT Background: Cranberry juice contains polyphenolic compounds that could improve endothelial function and reduce cardiovascular disease risk. Objective: The objective was to examine the effects of cranberry juice on vascular function in subjects with coronary artery disease. Design: We completed an acute pilot study with no placebo (n = 15) and a chronic placebo-controlled crossover study (n = 44) that examined the effects of cranberry juice on vascular function in subjects with coronary artery disease. Results: In the chronic crossover study, subjects with coronary heart disease consumed a research preparation of double-strength cranberry juice (54% juice, 835 mg total polyphenols, and 94 mg anthocyanins) or a matched placebo beverage (480 mL/d) for 4 wk each with a 2-wk rest period between beverages. Beverage order was randomly assigned, and participants refrained from consuming other flavonoid-containing beverages during the study. Vascular function was measured before and after each beverage, with followup testing 12 h after consumption of the last beverage. Mean (6SD) carotid-femoral pulse wave velocity, a measure of central aortic stiffness, decreased after cranberry juice (8.3 6 2.3 to 7.8 6 2.2 m/s) in contrast with an increase after placebo (8.0 6 2.0 to 8.4 6 2.8 m/s) (P = 0.003). Brachial artery flow-mediated dilation, digital pulse amplitude tonometry, blood pressure, and carotid-radial pulse wave velocity did not change. In the uncontrolled pilot study, we observed improved brachial artery flow-mediated dilation (7.7 6 2.9% to 8.7 6 3.1%, P = 0.01) and digital pulse amplitude tonometry ratio (0.10 6 0.12 to 0.23 6 0.16, P = 0.001) 4 h after consumption of a single 480-mL portion of cranberry juice. Conclusions: Chronic cranberry juice consumption reduced carotid femoral pulse wave velocity-a clinically relevant measure of arterial stiffness. The uncontrolled pilot study suggested an acute benefit; however, no chronic effect on measures of endothelial vasodilator function was found. This trial was registered at clinicaltrials.gov as NCT00553904.
INTRODUCTION
Epidemiologic studies have shown that consumption of flavonoid-containing foods and beverages is associated with reduced cardiovascular disease risk (1, 2) . Whereas the mechanisms accounting for this benefit remain incompletely defined, clinical studies have identified many relevant effects. For example, consumption of grapes, cocoa, and other flavonoid-containing foods may reduce blood pressure (3), platelet aggregation (4), insulin resistance (5) , and cholesterol concentrations (6) . In vitro and biomarker studies suggest that such foods have antiinflammatory effects (2, 7) . Recently, there has been particular interest in the possibility that flavonoids also reduce cardiovascular disease risk by reversing endothelial dysfunction.
Endothelial dysfunction is a key mechanism in the pathogenesis of atherosclerotic vascular disease (8, 9) . Risk factors decrease the bioavailability of endothelium-derived nitric oxide and induce a proinflammatory endothelial phenotype that promotes atherosclerosis and arterial stiffness. Risk-reduction therapies and lifestyle changes improve endothelial function (9) . Prior studies have shown favorable effects of tea, cocoa, grape juice, and other dietary sources of flavonoids on endothelial function in patients with coronary disease and other risk factors (10) (11) (12) .
Cranberry juice is a rich source of polyphenolic compounds, particularly anthocyanins (13, 14) . Investigators have proposed that cranberry consumption might have protective effects against cardiovascular disease by reducing inflammation and serum lipids (15, 16) . The present study was designed to investigate whether consumption of cranberry juice would improve vascular function and reduce inflammation. We used noninvasive methods to examine the effects of cranberry juice on multiple measures of vascular function in different vascular beds, including endothelium-dependent vasodilation and arterial stiffness in patients with coronary artery disease.
SUBJECTS AND METHODS

Study subjects
The study had 2 parts. We first completed an open-label, uncontrolled pilot study to determine the acute effects of cranberry juice consumption on vascular function. We recently reported the anthocyanin bioavailability results from this pilot study in a separate publication (13) . We subsequently completed a randomized, double-blind, crossover study that examined vascular function before and after longer-term consumption of cranberry juice and a placebo beverage.
The pilot and crossover studies had the same entry criteria. We enrolled patients with stable coronary artery disease, confirmed by angiography, exercise test, or documented history of myocardial infarction. We excluded patients with body weight .115 kg, congestive heart failure, or acute medical illness. We also excluded potential subjects if they were taking vitamins exceeding 2 times the Recommended Dietary Allowance or food supplements within 1 mo of study. The subjects were asked to stop the consumption of cranberries and cranberry products, wine, grape juice, green or black tea, other dark juices (eg, pomegranate juice), and all dietary supplements 1 wk before beginning the study and thereafter for the duration of the study. All subjects provided written informed consent, and the protocols were approved by the Boston Medical Center Institutional Review Board.
Acute pilot study
As outlined in Figure 1 (top), the acute study was open-label and involved measurement of vascular function at baseline and 2 and 4 h after juice consumption. Subjects were asked to fast overnight and to refrain from smoking on the morning of the study visit. Participants consumed a single 480-mL portion of doublestrength cranberry juice (54% juice compared with the traditional 27% juice). Each serving contained 835 mg total polyphenols, 94 mg anthocyanins, 10 g carbohydrates, and 40 kcal. More detailed information about juice composition was published previously (13, 17, 18) . The study beverage was provided by the study sponsor (Ocean Spray Inc, Lakeville, MA). The tests of vascular function in the pilot study included brachial artery flowmediated dilation and digital pulse amplitude tonometry.
Chronic randomized crossover study
As shown in Figure 1 (bottom), subjects in the chronic study consumed double-strength cranberry juice (480 mL/d) and a calorie, taste, and appearance-matched placebo beverage containing no polyphenols (480 mL/d). The subjects consumed each beverage for 4 wk with a 2-wk rest period between beverages. Beverage order was randomized (juice first or placebo first). The subjects returned bottle caps after each beverage consumption period for assessment of compliance. Investigators and participants were blinded to beverage identity until after completion of the data analysis. The beverages were stored at 4°C by a commercial storage company (Millbrook Cold Storage, Inc, Somerville, MA) and were delivered weekly to the participants by a delivery company experienced in clinical trials involving beverages (Inquil Solutions, LLC, Melrose, MA). The subjects consumed the beverage during the day with or without meals, according to their preference. The daily intake of anthocyanins from cranberry juice in the present study (94 mg/d) greatly FIGURE 1. Study design. Upper panel: for the acute pilot study, participants (n = 15) received cranberry juice and vascular testing was repeated 2 and 4 h after juice consumption. Lower panel: for the chronic crossover study, participants were randomly assigned to consume cranberry juice first (upper row; n = 24) or placebo first (lower row; n = 23) and consumed the assigned beverage for 4 wk. After a 2-wk rest period, they then crossed over to the alternate beverage. Two subjects withdrew while consuming cranberry juice because of dyspepsia, and one subject withdrew because of scheduling problems while consuming placebo. A total of 44 subjects completed the study.
exceeds the estimated average daily anthocyanin intake (12.5 mg) in the United States (19) .
We completed vascular testing and collected blood samples for biochemical analysis during 4 study visits (before and after the 2 beverage-consumption periods). Before each visit, the subjects fasted after midnight and refrained from smoking. The subjects did not take their morning doses of cardiac medications until after completion of the visit (the last dose of daily vasoactive medications were taken 24 h before the study began) and did not consume the study beverage on the morning of the study visits.
Vascular testing
After a 10-min rest period in a recumbent position, we measured arterial blood pressure with an automated physiologic recorder (Dinamap; GE Health Care, Piscataway, NJ) and then assessed endothelium-dependent brachial artery flow-mediated dilation as previously described (20, 21) . Briefly, 2-dimensional images and Doppler ultrasound signals were recorded from the brachial artery before and 1 min after induction of reactive hyperemia by 5-min cuff occlusion of the upper arm. We simultaneously measured endothelial function in the fingertip vessels by using digital pulse amplitude tonometry (Endo-PAT; Itamar Medical Ltd, Caesarea, Israel) to evaluate flow-mediated increases in pulse amplitude (22) . Endo-PAT results are expressed as the natural logarithm of the ratio of the pulse amplitude recorded 90-120 s after cuff release to the baseline amplitude divided by the hyperemic to baseline ratio in the contralateral control finger (lnPAT ratio) (23) . A higher lnPAT ratio reflects better endothelial function.
In the chronic study, but not in the acute study, we also assessed stiffness of the central aorta and conduit arteries in the upper extremity by measuring carotid-femoral and carotid-radial pulse wave velocity, respectively, using an applanation tonometry device (Complior SP; Artech Medical, Pantin, France). Briefly, the device simultaneously records arterial pressure waveforms from the carotid and femoral arteries and from the carotid and radial arteries. We measured the distance from each recording point to the sternal notching using a customized caliper, and the device calculated pulse wave velocity (m/s) (24) . The CV for repeated measurements of carotid femoral pulse wave velocity 4 wk apart without intervention was 11%. Finally, in the chronic study, we used vascular ultrasound to measure the brachial artery diameter before and 3 min after a 0.4-mg sublingual dose of nitroglycerin. Nitroglycerin was omitted if the patient had a history of prior adverse reaction to nitroglycerin or a systolic blood pressure ,100 mm Hg.
Biochemical analyses
Serum total and HDL-cholesterol, triglyceride, insulin, and glucose concentrations were analyzed in the Boston Medical Center Clinical Chemistry Laboratory. LDL cholesterol was calculated by using the Friedewald formula (25) . Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as [(fasting insulin lIU/mL) · (fasting glucose mmol/L)]/22.5. Serum C-reactive protein concentrations were measured at the Children's Hospital (Boston, MA) by using a high-sensitivity nephelometric method (26) . Soluble intercellular adhesion molecule-1 (ICAM-1) was measured by using an enzyme-linked immunosorbent assay (Bender MedSystems GmbH, Vienna, Austria) (27) .
Statistical analysis
For the acute, open-label pilot study, we used repeatedmeasures analysis of variance with simple within-subject comparison to relate the measures of vascular function 2 and 4 h after cranberry juice consumption to the baseline values (SPSS, IBM Inc, Somers, NY.). In these analyses, we used the Bonferroni correction to account for multiple comparisons.
For the chronic, randomized, placebo-controlled, crossover study, we compared the clinical characteristics of the 2 treatment groups (cranberry juice first and placebo first) by using the unpaired t test or the chi-square test for continuous and categorical variables, respectively. Each subject had measurements of vascular function and the biochemical markers at 4 time points (before and after each beverage). We evaluated the effect of the 2 beverages on each endpoint using a general linear model for correlated data with PROC MIXED, an unstructured covariance matrix, and standard residual maximum likelihood estimation (SAS Institute Inc, Cary, NC). C-reactive protein concentrations were assessed after log transformation because they lacked a normal distribution. We considered the effect of cranberry juice to be different from placebo if the treatment (cranberry juice or placebo) by follow-up (before beverage or after beverage) interaction had a P value ,0.05. We assessed potential carryover effects by testing the 3-factor interaction: treatment, by followup, by treatment period (first beverage or second beverage). Data are presented as means 6 SDs.
On the basis of prior data from our laboratory, the study was designed to provide 88% power (a = 0.05) to detect a 1% change in the prespecified primary endpoint of brachial artery flowmediated dilation (eg, from 6.0% to 7.0%) with a sample size of 44 participants and a crossover design.
RESULTS
Acute pilot study
We enrolled 15 subjects with coronary artery disease into the pilot study (mean 6 SD age: 62 6 8 y, 13% female). As expected, there was a high prevalence of risk factors, including hypertension (53%), history of cigarette smoking (67%), and diabetes mellitus (33%). Fasting glucose was 103 6 36 mg/dL and LDL cholesterol was 82 6 10 mg/dL. The participants were taking cardiovascular drugs, including lipid-lowering therapy (100%), angiotensin-converting enzyme inhibitor/angiotensin receptor blocker therapy (60%), and aspirin (100%).
The vascular function testing results are shown in Table 1 . As shown, there were significant improvements in brachial artery flow-mediated dilation 4 h after cranberry juice and in the lnPAT ratio 2 and 4 h after acute juice consumption. A modest decrease in resting brachial artery blood flow was found, but no effects on hyperemic flow, baseline brachial diameter, blood pressure, or heart rate were found.
Chronic randomized crossover study: study subjects A total of 47 participants qualified for the study and began beverage consumption. One subject withdrew for scheduling reasons, and 2 subjects withdrew because of dyspepsia while consuming cranberry juice. The clinical characteristics of the 44 subjects who completed the study are displayed in Table 2 . As shown, the juice first and placebo groups were similar. Participants were middle-aged, predominantly white, and overweight, and there was a high prevalence of risk factors. Nearly all were receiving risk-reduction therapy and had relatively low lipid concentrations but high fasting glucose concentrations.
Chronic vascular function results
We sought to determine whether long-term cranberry juice would have a cumulative effect on vascular function. Participants consumed each beverage for 4 wk with the last consumption on the day before the study. As shown in Table 3 , we observed no cumulative effect of juice consumption on brachial artery flowmediated dilation-the prespecified primary endpoint. We also observed no effects on blood pressure, baseline or hyperemic flow, nitroglycerin-mediated dilation, or lnPAT ratio.
As shown in Table 3 , a favorable effect of cranberry juice consumption compared with placebo consumption on arterial stiffness was found. Carotid-femoral pulse wave velocity decreased by 0.5 m/s (6%) after cranberry juice consumption and increased by 0.4 m/s after placebo consumption. This favorable effect of juice compared with placebo was statistically significant. No effect of beverage consumption on carotid-radial pulse wave velocity was found.
Chronic biochemical marker results
The effects of beverage consumption on blood biochemical markers are shown in Table 4 . No effects of beverage consumption on serum lipids were observed, except for a 1-mg/dL reduction in HDL cholesterol compared with a 1-mg/dL (2%) increase after placebo. No significant effects of beverage consumption on blood glucose, insulin, or markers of inflammation were found.
Chronic per protocol analysis
We assessed compliance with the study protocol as the percentage of expected bottle caps that were returned. Average compliance was 94 6 8% for cranberry juice (range: 68-100%). We completed a per protocol analysis that excluded the 2 participants who did not participate in the compliance assessment and the 2 participants who had ,80% compliance. The results were similar, with a significant reduction in carotid-femoral pulse wave velocity after cranberry juice and no other significant effects on the other variables (data not shown).
DISCUSSION
The crossover study was designed to investigate whether chronic consumption of cranberry juice has a cumulative beneficial effect on vascular function. For this reason, vascular function was measured in the morning 12 h after the last beverage consumption. We observed no effect of cranberry juice on measures of endothelial vasodilator function, including flowmediated dilation and lnPAT ratio. In addition, no effects on serum total and LDL cholesterol, insulin, glucose, or markers of 1 All values are means 6 SDs. BP, blood pressure; PAT, pulse amplitude tonometry measured in the finger. *Significantly different from baseline, P , 0.05 [with Bonferroni correction; simple within-subject comparison in SPSS (SPSS Inc, Chicago, IL) (n = 15), except for natural log of the PAT for the lnPAT ratio (n = 14)].
2 Overall P value for repeated-measures ANOVA. inflammation were observed. However, a significant reduction in carotid-femoral pulse wave velocity, reflecting decreased aortic stiffness, was found. We emphasize that the research beverage contained twice the amount of cranberry juice in commercially available cranberry juice and that the amount of anthocyanins consumed during the study greatly exceeded the average daily intake in the United States. Carotid-femoral pulse wave velocity is emerging as an important measure of vascular function that relates to cardiovascular disease risk. It predicted cardiovascular events in the Framingham Heart Study after adjustment for other cardiovascular disease risk factors (28) and was a stronger predictor than other measures of arterial stiffness, including the augmentation index and central pulse pressure. A variety of drugs (29, 30) and lifestyle interventions (31, 32) have been shown to reduce carotid femoral pulse wave velocity in patients with hypertension and other risk factors. In contrast, carotid-radial pulse wave velocity, which was unaffected by cranberry juice in our study, relates poorly to risk factors, does not predict events, and responds poorly to interventions (28, 30) .
Arterial stiffness is determined by a variety of factors, including dynamic factors such as endothelium-derived vasodilators, blood pressure, and sympathetic tone (33, 34) . Intrinsic properties of the arterial wall-including wall thickness, relative collagen and elastin content, and the degree of calcificationalso influence stiffness. Additional studies will be needed to determine how cranberry juice reduces central aortic stiffness, but our finding of improved pulse wave velocity without a change in endothelial function may be consistent with an effect at the level of the arterial wall or a change in sympathetic tone.
A few prior studies examined the effects of other polyphenolcontaining foods on arterial stiffness. For example, flavonoids in green and black tea appear to blunt caffeine-induced increases in pulse wave velocity (35) . Isoflavone supplementation for 6 wk reduced carotid-femoral pulse wave velocity without improving flow-mediated dilation in older healthy men and postmenopausal women (36) . The effect size with isoflavone treatment was similar to the reduction ('6%) in pulse wave velocity observed in the present study, but was less than the 10-15% reduction produced by the drug ramipril (37) . Overall, our study suggests that chronic cranberry juice consumption may have a meaningful effect on a clinically relevant measure of vascular function and is consistent with prior work.
The current study showed no beneficial effect of chronic cranberry juice consumption on flow-mediated vasodilation of the brachial artery or small vessels in the finger. These results appear to contrast with the results of prior studies, which have shown favorable long-term effects of tea, grape juice, and cocoa consumption on brachial artery flow-mediated dilation (10) (11) (12) . Differences in the study design, time of last beverage consumption, and population characteristics may account for these apparently discrepant results. For example, nearly all of the patients in the current study were receiving risk-reduction therapy and had well-controlled lipid values. The discrepant results might also reflect differences in the polyphenolic content of the various beverages.
In contrast with the chronic study, our open-label pilot study showed a favorable acute effect on brachial artery flow-mediated dilation. No acute effects on baseline brachial diameter or hyperemic flow were observed, which suggests that these results were not attributable to a change in resting arterial geometry or the stimulus for vasodilation. We also observed an improved lnPAT ratio 2 and 4 h after juice consumption. Although limited by the lack of a placebo group, these findings suggest improved endothelial function in the conduit brachial artery and small vessels in the finger after acute consumption of cranberry juice.
Several prior studies have shown an acute benefit, but no chronic benefit, of similar interventions on endothelial function. For example, our research group showed improved endothelial function after acute, but not after chronic, administration of epigallocatechin gallate (38) . The discrepancy between acute and chronic results is most likely attributable to the kinetics of cranberry anthocyanins and/or other polyphenols. We recently reported that cranberry anthocyanins are rapidly cleared from the plasma after an oral dose of cranberry juice with maximum bioavailability between 1 and 3 h (13). In the current study, subjects last consumed cranberry juice on the day before the follow-up study visits. Brachial artery flow-mediated dilation and the lnPAT ratio are vascular responses that largely depend on nitric oxide production and change rapidly over a period of minutes to hours after interventions (20, 22 ). An acute improvement in these measures of vascular function may not persist for 12 h or more after the last dose of cranberry juice. On the other hand, an effect of cranberry juice on the composition of the arterial wall could conceivably persist for a longer period of time. Additional studies are required to gain a mechanistic understanding of these effects on vascular function.
Regarding the effects of chronic cranberry juice consumption on blood markers, we observed a modest 2% reduction in HDL cholesterol. This apparently unfavorable effect differs from the study by Ruel et al (39) , who observed an increase in HDL cholesterol after supplementation with cranberry juice in obese subjects. Those investigators also observed a reduction in soluble intercellular adhesion molecule-1 (40) which did not change in the current study. The prior studies involved longer treatment periods (12 wk) and different subject characteristics, which might explain the apparent discrepancies.
Our study had several limitations. Most importantly, the pilot study of acute cranberry consumption had no control group and was performed to gain preliminary data and to confirm the bioavailability of cranberry polyphenols before embarking on the chronic study. The findings must therefore be viewed with caution. Cranberry juice was consumed for a relatively short period of time, and it remains unknown whether the favorable effects on arterial stiffness would persist with longer treatment or have any effect on cardiovascular disease risk. Our study provides no insight into the mechanism of benefit. We cannot exclude the possibility that concomitant medications might have affected the vascular function results. Finally, our study involved withholding other polyphenol-containing foods and beverages throughout the study period. This aspect of the study design might explain the apparent increase in arterial stiffness after placebo consumption and could reflect a lack of steady state in regard to flavonoid status. The study limitations were balanced by the placebocontrolled crossover study design, relatively large sample size, and examination of emerging markers of arterial stiffness.
In conclusion, the current study showed no chronic effect of cranberry juice on the primary endpoint of brachial artery flowmediated dilation. Compliance with the study protocol was excellent, and the study was well powered to detect a change in flowmediated dilation comparable with that observed after consumption of other flavonoid-containing beverages. Thus, it is unlikely that we missed a clinically meaningful chronic effect of cranberry on flow-mediated dilation. We did observe a highly significant effect of cranberry juice on stiffness of the central aorta, which is increasingly recognized as an important measure of vascular function with relevance to cardiovascular disease. Additional studies are needed to define the mechanisms and clinical implications of these vascular effects. Overall, our results may provide further support for the American Heart Association recommendation that cardiovascular disease risk may be reduced by a diet rich in fruit and vegetables, including cranberries.
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